Abstract: Free radical homopolymerization with methylated β-cyclodextrin (CD) complexed myrcene (1a) and co-polymerization of 1a with diethyl fumarate (2a) and styrene (3a) were carried out using redox initiator in aqueous media at room temperature. Control experiments showed that uncomplexed myrcene (1) does not polymerize under similar conditions in water. The polymers obtained were characterized by means of 1 H/ 13 C-NMR spectroscopy, differential scanning calorimetry (DSC) and gel-permeation chromatography (GPC). Additionally, Nisopropylacrylamide containing copolymer was synthesized in water using redox initiator and the lower critical solution temperature (LCST) behaviour was studied.
Introduction
Myrcene, an isoprene dimer, is found in many natural oils. Despite its close similarity to isoprene, there are only a handful of publications and patents describing polymyrcene or its copolymers [1] [2] [3] [4] [5] [6] [7] [8] . Most of the polymerizations of myrcene were effected by a metal catalyst in organic solvent [9] [10] [11] [12] . The chemical industry is encouraged to look for a new means for many of its traditional processes that either produce environmentally unfriendly industrial products or results in toxic byproducts [13, 14] . Our group, for these reasons is focused on the use of cyclodextrin (CD) in polymer chemistry. Meanwhile CD's have received a great deal of industrial attention [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
In recent years, our group has investigated the free-radical polymerization of CDcomplexed methacrylates and of other types of functionalized monomers [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and also reported enantioselective polymerization of racemic guest molecules at about 0 °C [23] . CDs are well known to form inclusion complexes with various compounds because of their hydrophobic cavity [26] [27] [28] [29] . This inclusion phenomenon leads to significant changes in the solution properties and reactivity of the guest molecule. In this connection, we have recently investigated the unusual radical polymerization of diethyl fumarate and styrene [24] . They undergo homopolymerization with a cis/transisomerization of in the presence of methylated β-CD in water [25] .
We wish to report here for the first time the results obtained from the homo-and copolymerization of myrcene by using methylated β-CD in water.
Results and discussion
Water-soluble complexes of myrcene (1a), diethyl fumarate (2a) and styrene (3a) with methylated β-CD were easily prepared in water as illustrated in Scheme 1.
Therefore, in an aqueous solution of methylated β-CD, 0.66 molar equivalent amount of myrcene (1) and 0.90 equimolar diethyl fumarate (2) and styrene (3) were dispersed, respectively. Stirring at room temperature to give a clear homogeneous solution of the complexed monomer within couples of minutes, this was used directly in free-radical home-and co-polymerization. A free-radical redox initiator (K 2 S 2 O 8 / Na 2 S 2 O 5 ) was used to initiate the homo-and copolymerization of methylated β-CD complexed monomers 1a and 2a or 1a and 3a in aqueous solution at room temperature, respectively. In addition, N-isopropylacrylamide (NIPAAM) containing copolymer was prepared via free radical copolymerization in the molar ration of 1 part monomer 1 on 20 parts NIPAAM. In all cases the initiator concentrations were 5 mol-%. For comparison, homopolymerization without CD were performed under similar conditions.
During the homo-and co-polymerizations of CD-complexed monomers it was found that the corresponding polymer A, B and C are water-insoluble and therefore precipitated. The polymers were characterized by 1 H-/ 13 C-NMR spectroscopy, differential scanning calorimetry (DSC) and gel-permeation chromatography (GPC) (see Table 1 ). Almost quantitative yields of the copolymers A, B and C were achieved after a reaction time of 24 h in all cases. Only trace amounts of CD still remained in the polymers as detected by In our previous work, we have reported that the polymerization from homogenous, aqueous CD solution is normally much faster and ends up with higher yields and molecular weights than polymerization under similar conditions in an organic solvent [15, 21] . The polydispersities (M w /M n ) of polymers (A, B, and E) were similar in all cases. Only the M w /M n values polymer C and F, containing styrene monomer units showed higher values ( Table 1 ). The M n of polymer C shows higher than bulk synthesized polymer [34] .
A control experiment in absence of CD clearly showed that the uncomplexed monomer 1 did not polymerize in aqueous medium under nearly identical conditions. Even after 30 d and with extra addition of initiators, no polymerization occured. This reflects the strong influence of CD-complexation on the polymerization behaviour. After copolymerization with CD complexed myrcene 1a and NIPAAM, the polymer was water soluble and little amounts of CD still remained in the polymers as detected by 1 H NMR spectroscopy. Poly(NIPAAM) is a well-known thermosenstive polymer that has a lower critical solution temperature (LCST) around T = 32 °C [33] . The thermosensitive properties of aqueous solutions of copolymers G was investigated by monitoring the changes of turbidity as a function of temperature. Surprisingly, NIPAAM containing copolymer G shows the LCST transition at 80 °C. The fact is that the turbidity points of copolymers G is significantly higher than of poly(NIPAAM) itself (32°C). The LCST of the copolymers studied decreased with increasing hydrophobicity, as discussed by Taylor and Cerankowski [33] .
The interaction of polymer G with potassium-1-adamantylcarboxylate.
In our polymer case, the LCST is expected to be lowered by the hydrophobic myrcene moiety on copolymer, however, to be increased by the hydrophilic environment formed on complexation with CD. A comparable effect appears also with additions of potassium-1-adamantylcarboxylate to a solution of copolymer G (Scheme 3). First of all a aqueous solution of polymer G with quantitative CD was prepared, subsequently the solution was treated with an increasing amount of the potassium-1-adamantylcarboxylate, which should replace with myrcene moieties complexed CD on copolymer. The effect could be clearly detected by the loss of turbidity intensity. It could be also shown and proved that myrcene moieties on copolymer G were even complexed with CD after copolymerization.
In summary, from these studies on the free radical homo-/co-polymerization of myrcene (1), diethyl fumarate (2) and styrene (3) in the presence of cyclodextrin in water, it can be concluded that the polymerizations take place readily and the obtained polymers are soluble in organic solvent. This clearly indicates that no crosslinking takes place. In absence of CD, under similar conditions no polymer could be isolated, even after several days of reaction time. With myrcene containing NIPAAM copolymer, it could be shown the LCST behavior and after addition of adamantylcarboxylate, the CD is largely displaced from the polymer.
Experimental part
Myrcene (Fluka), N-isopropylacrylamide (Aldrich) and diethyl fumarate (Fluka) were used without further purification. Styrene was distilled under a nitrogen atmosphere. Methylated β-cyclodextrin (CAVASOL, W7M, technical grade, Wacker) was purchased from Wacker.
IR spectra were run on a Nicolet 5SXB spectrophotometer. GPC analyses were performed with a Viscotek GPCmax VE2001, using DMF as eluent at 60 °C (flow 1 ml/min). 100 µl were injected on the column arrangement of one Viscotek TSK guard column H HR -H 6.0 mm (ID) * 4cm (L) and two 2 Viscotek TSK GMH HR -M 7.8 mm (ID) * 30 cm (L) columns. A Viscotek Viscometer model 250 and a Viscotek VE 3500 RI detector were used for detection. Evaluation was performed using OmniSEC 4.0 software. Polystyrene standards were used for universal calibration. NMR spectra were recorded with a Bruker AC500 at 20 °C. Chemical shifts were referenced to the solvent values (δ 4.70 ppm for HOD and δ 7.24 ppm for CDCl 3 ). Differential scanning calorimetry (DSC) measurements were performed on a Mettler DSC-30 instrument in a temperature range of -40 to 150 °C at a heating rate of 10 °C/min. For calibration, standard tin, indium and zinc samples were used. The T g values are reported as the average of three measurements using the midpoint method. Cloud points were determined by transmission changes (at 500 nm) of the solutions heated at 1.0 °C/min in a magnetically stirred cell; values of the cloud points were taken as the temperature where the transmission decreases by 50 %.
General procedure for the synthesis of aqueous methylated-β-CD complexes 1a, 2a and 3a
Methylated β-Cyclodextrin (CD) was dissolved in deionized water. Then, the corresponding monomers were added in at least 0.66 to 1 equimolar amounts at room temperature. The resulting dispersions were stirred to give homogenous aqueous monomer/m-β-CD solutions.
General Procedure for the homopolymerization of CD complexed monomer 1a
The CD complexed monomer solution was flushed with nitrogen and polymerized at room temperature using 5 mol% redox initiator (K General Procedure for the copolymerization of 1a and 2a or 1a and 3a
The aqueous solution of CD complexed monomers was flushed with nitrogen and polymerized at room temperature using 5 mol-% redox initiator (K 2 S 2 O 8 /Na 2 S 2 O 5 ) compare to monomer. After 24 h, precipitated polymers were filtered off and washed with 50 ml methanol, dried in vacuum at 40 °C, and analyzed by GPC. Details are given in Table 1 . 
